Dietary intake described above accounts for only ~ 22% of plasma cholesterol, whereas de novo biosynthesis is responsible for the remaining amount of this molecule [10] . Cholesterol is prevalently synthesized in the hepatic tissue, where the major part of its metabolism takes place. However other tissues, such as intestine, muscle and skin, are able to produce significant amounts of this sterol [11] . Isoprenoid/cholesterol biosyntethic pathway (Figure 1 ), also known as mevalonate (MVA) pathway, is a complex, multi-enzymatic process present in all eukaryotic cells. Besides cholesterol, it leads to the production of several other end-products indispensable for cell survival, such as isopentenyl tRNA, dolichol, farnesyl pyrophosphate, geranylgeranyl pyrophosphate and coenzime Q (CoQ) [12] .
The 3β-hydroxy-3β-methylglutaryl CoA reductase (HMGR) is an ER-associated membrane glycoprotein and represents the key and rate-limiting enzyme of the pathway that catalyzes the NADPH-dependent reduction of 3β-hydroxy-3β-methylglutaryl CoA to MVA [13] . Due to its central role, this enzyme undergoes a fine regulation achieved by short-and long-term mechanisms. Phosphorylation/dephosphorylation cycles are responsible for the short-term regulation of the enzyme. AMP activated protein kinase (AMPK) inhibits HMGR activity by phosphorylating a specific serine residue (Ser872), whereas the removal of the phosphate group from the same aminoacidic residue, operated by the protein phosphatese 2A (PP2A), is able to enhance the activity of the enzyme [14] . Aside from short-term regulation, HMGR is subjected to transcriptional, translational and post-translational control [15] . MVA pathway end-products, and cholesterol in particular, participate in a negative feedback response which determines the long-term regulation of the enzyme. When intracellular levels of cholesterol are low, the transcription of genes necessary for cholesterol synthesis and uptake is activated (e.g. HMGR and LDLr). This event is mediated by sterol regulatory elements binding proteins (SREBPs), a family of transcriptional factors which recognize and bind the sterol regulatory element (SRE) DNA sequences. SREBPs localize on ER membrane, as long as SREBP cleavage activating proteins (SCAP), which function as sterol sensors [16] . In sterol-deprived cells, SCAP binds SREBPs and escorts them from the ER to the Golgi apparatus, where SREBPs are proteolytically processed. These selective cleavages produce SREBP transcriptionally active fragments, that enter the nucleus and induce the expression of their target genes [17] . When cellular sterol content increases, the SCAP/SREBP complex is retained into the ER, the proteolytic processing of SREBPs is abolished and the transcription of target genes is blocked. ER retention of SCAP/ SREBP is mediated by the sterol-dependent binding of the complex to the ER-resident protein insulin induced gene (INSIG) [16] . In addition, the build-up of intracellular sterols also induces the interaction between INSIG and HMGR, thus promoting the ubiquitination and the subsequent proteasomal degradation of the enzyme [18] .
Owing to its key role in cholesterol biosynthesis, HMGR has been considered a very attractive molecular target to treat lipid disorders. In particular, statins are the most prescribed cholesterol-lowering drugs in industrialized countries, where coronary diseases, consistent with hypercholesterolemia, represent the principal cause of death [19] . Due to their bulky hydrophobic structure, these drugs competitively impair the binding of HMG-CoA to its pocket within HMGR active-site, strongly inhibiting the enzyme activity [20] .
Cholesterol metabolism in the CNS Figure 1 : Main steps of isoprenoid/cholesterol biosynthetic pathway. The mevalonate (MVA) pathway is a metabolic pathway presents in all eukaryotic cells that leads to the production of several bioactive molecules, such as cholesterol, ubiquinone (coenzyme Q), isopentenyl adenine, dolichol and prenyls (farnesyl-pyrophosphate, geranylgeranyl-pyrophosphate, which serves for protein prenylation). The conversion of 3β-hydroxy-3β-methylglutaryl coenzymeA (HMG-CoA) into MVA is the rate-limiting step of this process, catalyzed by HMGR.
During evolution, the structural importance of cholesterol within cell membranes acquires an additional and highly specialized role in the CNS. Neuronal transmission of the impulse is assisted by myelin sheaths, membrane specializations derived from oligodendrocytes that wrap the axon of several neighboring neurons. These myelin sheaths are separated by periodic gaps, called nodes of Ranvier, which determine the discontinuous insulation of the axon and, as a result, the saltatory conduction of the action potential. Owing to cholesterol enrichment, myelin sheaths have a reduced permeability to ions, thus allowing the propagation of the electrical impulse along the axon rather than across the membranes of oligodendrocytes [21] .
Cholesterol is also particularly abundant in synaptosomal membranes, influencing synapse formation, stability and neurotransmitter release. At pre-synaptic level, this molecule localizes prevalently in the inner leaflet of the lipidic bilayer, with a predominant structural role. In post-synaptic terminals, it functions as a constituent of lipid rafts, that anchors and regulates the activity of several neurotransmitter receptors (e.g. GABAa receptors and AMPA-type glutamate receptors) and other post-synaptic elements on the membrane [22] [23] [24] . Microtubular transport of synaptic vesicles within the cytosol, subsequent fusion and release via SNAREprotein interaction also depend on high cholesterol levels. Specifically, high cholesterol concentration is required for the correct membrane curvature and for the assembly of vesicle-specific proteins and lipids [25] . From these observations, it is not surprising that cholesterol requirement in the CNS is very high. Even though the CNS accounts for only 2.1% of body weight, it contains 23% of the total cholesterol pool found in the whole body. Almost all (at least 99%) CNS cholesterol is present in an unesterified free form and is part of the myelin sheaths of oligodendrocytes (70%) or of the plasma membranes of astrocytes and neurons [3] . Net movement of cholesterol and lipoproteins from systemic circulation to CNS, does not seem to occur significantly in mammals. The incapability to transport lipoprotein particles inside the CNS is due to the anatomical constitution of the blood-brain barrier (BBB). In different regions of the body, capillaries have different permeabilities that are determined by the presence of fenestrations, adherent junctional complexes, and transcellular vesicular transport [26] . Capillaries of the brain are characterized by tightly adherent junctions, absence of fenestrae and minimal bulky phase vesicular transport. Moreover, astrocytic foot processes are intimately associated with the inner or basal membranes of endothelial cells [27] . This specific architecture forms a high resistance barrier, where the net movement of several substances, including cholesterol, is limited or hindered.
Prenylation of proteins
A widely accepted model for cholesterol homeostasis in the CNS suggests that during embryogenesis, before astrocyte differentiation, neurons ensure their cholesterol requirement by biosynthesis. Postnatally, neurons reduce or even abandon their own synthesis and import cholesterol from astrocytes. The physiological explanation for cholesterol biosynthesis suspension in neurons may be related to the high energy expenditure of this metabolic process, which consumes a number of energy metabolites and requires more than 20 dedicated enzymes. Thus, it would be more advantageous for neurons, in terms of energy costs, to use cholesterol delivered from astrocytes [31] . As a result, the intercellular transport of cholesterol from astrocytes allows neurons to preserve energy that could be employed for the generation of electrical activity [35] . This hypothesis is also supported by the evidence that astrocytes secrete cholesterol-rich particles. These apoE-containing lipoproteins are similar to LDLs found in the bloodstream. The uptake of apoE-rich lipoproteins is realized through the endocytosis mediated by LDLr family members, such as LDLr and LDLrrelated protein 1 (LRP1), whose expression is particularly high in neurons [31] .
In addition to LDL receptor family members, ABC transporters play a central role in the flow of cholesterol from astrocytes to neurons. ABCA1 is highly expressed in astrocytes, where it mediates the transfer of intracellular and neo-synthetized cholesterol to extracellular lipid-free apoE [36] . For this reason, ABCA1 functions as a key element in cholesterol shuttle from glia to neurons through apoE-rich particles. ABCA1 is also crucially involved in the maintenance of brain cholesterol homeostasis, since it results to be a target gene of the nuclear liver X receptors (LXR)s. LXRs exert their function through a feed-forward mechanism, contributing to the control of intracellular amount of sterols. Experimental data demonstrated that mice lacking LXRs exhibit severe neurological defects, such as reduction in ventricle size, accumulation of lipids and apoE in different brain regions, and microvessel deformity. Furthermore, astrocytosis, neuron loss, and ultra-structural alterations in neurons and glial cells were also observed [37] . LXRs are specifically activated by 24(S)-hydroxycholesterol. This cholesterol derivative induces the increase of ABCA1 expression, and ultimately the efflux of cholesterol from astrocytes. 24(S)-hydroxycholesterol also represents the main cholesterol excretory pathway in the CNS. Indeed, unlike cholesterol, it is able to passively diffuse out of the cell and across the BBB. 24(S)-hydroxycholesterol is produced by the activity of cytochrome P-450 (CYP46A1), which was found to be highly expressed in neurons, indicating that the main excretion mechanism of cholesterol from the brain involves neuronal cells rather than glial cells [35] .
Thus, in situ biosynthesis remains the major source of cholesterol within the CNS. According to studies performed on cell cultures, astrocytes synthesize at least 2-to 3-fold more cholesterol than neurons [28] . Besides the specific rate of cholesterol synthesis of diverse cell types in the CNS, recent observations also demonstrated that cholesterol uptake and biosynthesis is different among brain regions, and that both gender and aging are able to modify these metabolic processes [29] . Specifically, HMGR and LDLr show a peculiar expression pattern, in relation to the brain regional needs of cholesterol [30] .
Almost all neurons depend on cholesterol produced by other cell types. A number of experimental evidence strongly suggests that cholesterol is produced by astrocytes and delivered to neurons ( Figure 2 ) [31] . Notably, most part of synapses are formed after astrocyte differentiation during CNS development [32] , when neurons are characterized by a very low expression of enzymes belonging to the cholesterol biosynthetic machinery compared to astroglia [33] . From these observations, CNS cell types appear to undergo specific metabolic specializations in vivo, reflecting a diverse regulation of cholesterol metabolism [34] .
Imbalance of cholesterol metabolism and CNS disorders
In view of the importance of this lipid in the CNS, it is not surprising that disturbances in cholesterol homeostasis have been associated to the onset and the development of several neurological and neuropsychiatric disorders. In the following paragraphs, the links between cholesterol imbalance and dysfunctional consequences in the CNS will be discussed.
Alzheimer's disease (AD) is a neurological degenerative disorder characterized by a poor prognosis. The most well-known symptom is the progressive and consistent memory impairment. However, it is also clinically distinguished by acquired behavioral disturbances and mood changes. Biochemically, AD presents specific hallmarks, which are constituted by the build-up of abnormally folded amyloid β (Aβ) and tau proteins in the CNS [38] .
Alzheimer's disease
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Aβ is a toxic peptide, produced by the proteolytic cleavage of the amyloid precursor protein (APP). This enzymatic processing is operated by the activity of β-secretase (beta-site APP cleaving enzyme 1, BACE1) and the γ-secretase complex. Rare but penetrant mutations in the genes encoding APP and presenilins 1 and 2 (the catalytic components of the γ-secretase) are related to early-onset familial AD (FAD). Even though AD is strongly associated with the accumulation of extracellular Aβ-containing plaques and the build-up of neuronal NFTs, the specific link between these AD hallmarks and the clinical description of the disorder is not completely understood [39] .
Tau proteins exert pivotal roles in neurons, since they bind and stabilize microtubules in axons under normal conditions. Under pathological conditions, tau proteins result to be hyperphosphorylated. This event determines the detachment of tau from microtubules and the formation of insoluble tau aggregates (neurofibrillary tangles, NFTs) which affect the microtubular transport system of neurons. Astrocytes secrete apoE-rich lipoproteins. ApoE uptake is realized by the endocytosis mediated by LDLr family members, whose expression and membrane exposition is particularly high in neurons. Subsequently, the activity of NPC1 and NPC2 leads to the release of free cholesterol from the endosomal/lysosomal system. ATP-binding cassette (ABC) transporters play a relevant function in the shuttling of cholesterol from astrocytes to neurons. Indeed, ABCA1 is abundantly expressed in astrocytes, and exerts a crucial role in the delivery of cholesterol from glia to neurons through apoE-rich particles. ABCA1 expression is strongly regulated by LXRs, whose activation is dependent on 24(S)-hydroxycholesterol. This cholesterol derivative is produced by the activity of CYP46 and also represents the main excretory pathway in the brain. Deregulations of different regulators of cholesterol homeostasis could easily lead to the onset of neurological disorders (red), which are discussed below in this article. During the last decade, several findings have highlighted an involvement of cholesterol in Aβ production. In particular, β-and γ-secretase complexes reside in cholesterol-rich lipid rafts, and the enzymatic activity of both the protein complexes are conditioned by the cellular cholesterol content [40, 41] . The dependence of amyloidogenesis on cholesterol metabolism is also strengthened by the relation between Aβ production and the rise in cholesteryl-ester levels, which are derived from cholesterol esterification operated by acyl-coenzymeA:cholesterol acyltransferase (ACAT) [42] . Genetic studies underlined further implications for cholesterol in the onset of AD. For example, apoE4 isoform was shown to be a genetic risk factor for late onset AD. Approximately 40% of AD individuals present at least one apoε4 allele, which increases the incidence of the disease three-fold in heterozygotes and 15-fold in homozygotes [43] . It is suggested that apoE4 is able to promote Aβ aggregation and/or reduce the clearance of amyloid plaques [44] . Moreover, it was observed that human apoE4 knock-in mice show a decrease in long-term potentiation, excitatory synaptic transmission and dendritic arborization, which determine impaired synaptic and cognitive functions [45] [46] [47] [48] . These experimental data corroborate with clinical evidence, demonstrating that apoε4 homozygosity confers a substantial cognitive function decline in persons aged 35 years or older [49] . The putative connection between cholesterol metabolism and AD is supported by evidence relating other genes involved in the regulation of cholesterol metabolism and the onset of AD. Two different CYP46 polymorphisms have been associated to AD, although an additional study failed to ascertain this connection [50, 51] . Finally, AD-related polymorphisms were also identified for ABCA1. Notably, ABCA1 polymorphisms correlate with an increase in the amount of Aβ in the CSF [52] .
The dependence of Aβ production on cholesterol levels indicates that a pharmacological approach focused on the modulation of cholesterol metabolism could reduce the risk of AD. For instance, ACAT inhibition leads to a decrease in the amount of cholesterol esters, thus reducing Aβ secretion [53] . This observation corroborates with the reduction in Aβ load and cognitive decline after genetic ablation of ACAT in a mouse model of AD [42] . Other evidence suggested that Aβ production is lowered when ABCA1 transporter is up-regulated [54] . Among the plethora of molecules studied in the attempt to address an effective therapeutic intervention for AD treatment, statins are the most promising. Lovastatin administration decreases Aβ formation and increases α-secretase activity in brain cell cultures [55, 56] . Results obtained from animal models generally confirmed these findings. Chronic simvastatin application is able to lower Aβ in the CSF of guinea pigs, whereas the discontinuation of the pharmacological treatment reverses this effect [41] . Similarly, lovastatin and pravastatin administrations reduce Aβ levels in transgenic mice [57] . Although human studies display variable outcomes, clinical evidence is encouraging, suggesting that statin therapy could be a valuable pharmacological strategy to treat AD patients. Epidemiological data indicate that individuals undergoing statin therapy have a lower risk of developing AD [58, 59] . In addition, simvastatin treatment was shown to arrest cognitive decline in a study performed on a small cohort of 26 AD subjects [60] . On the contrary, the PROspective Study of Pravastatin in the Elderly at Risk (PROSPER) study demonstrated the failure of pravastatin to decrease the incidence of dementia in hypercholesterolemic patients [61] . The discrepancies among results collected in human studies suggest that future investigations should reduce the variability of different parameters, taking into account a deep examination of the criteria for subject selection and of methodological approaches addressed to the assessment of cognitive decline.
Niemann-Pick type C disease (NPC, MIM 257220) is a rare genetic autosomal-recessive neurovisceral disorder caused by a progressive and abnormal intracellular storage of unesterified cholesterol and glycosphingolipids in the endosomal/lysosomal compartments [62] . The pattern of lipid storage is peculiar in the brain with respect to other organs and tissues [63] . The onset of NPC disease is caused by mutations in the NPC1 or NPC2 genes, whose products are involved in the regulation of cholesterol efflux. Both proteins are required for the post-lysosomal/late endosomal transport of cholesterol and glycolipids. Nevertheless, the precise functional role carried out by these two proteins remains unclear, as well as their primary substrates [64] . As far as is known, after LDL cholesteryl ester hydrolysis into lysosomes, NPC2 binds cholesterol. Subsequently, NPC2 transfers the sterol to NPC1, thus determining the exit of free cholesterol from lysosomes [65] . Approximately 95% of the patients express mutations in the NPC1 gene, whereas the remaining 5% display mutations in the NPC2 gene. Genetic modification in both genes leads to a defect in the processing and utilization of endocytosis-derived cholesterol. The aberration in intracellular cholesterol homeostasis maintenance is responsible for cholesterol build-up and secondary deregulations in sphingomyelin metabolism in extra neural tissues, that are typical features in NPC individuals. In the CNS, the alterations in lipid metabolism caused by mutations in NPC genes lead to neuronal storage with mega-neurite formation, extensive growth of ectopic dendrites, neurofibrillary tangles, neuroinflammation and neuroaxonal dystrophy, which are fundamental neuropathological hallmarks of the disease [66] . Notably, the finding that paired helical filament tau in NTFs-rich NPC brains is indistinguishable from paired helical filament tau in AD, is very intriguing: this observation suggests that neurodegenerative events could be, at least in part, similar in both disorders, further sustaining the pivotal involvement of cholesterol in brain physiopathology. During disease progression, neuronal death becomes outstanding, and specifically affects precise brain areas, such as Purkinje cells of the cerebellum. However, the reason for this selective neuronal sensitivity is still not clear [66] .
Currently, NPC disease diagnosis is focused on biochemical approaches: for example, different assays are carried out on cultured patient skin fibroblasts, directed to evaluating deregulations in LDL-cholesterol trafficking by cytochemical analysis of accumulated free cholesterol and examination of LDL-induced cholesterol ester formation [67] .
Niemann-Pick type C disease
The clinical description of NPC disease is highly heterogeneous [62, 68] . The onset of the disease is also extremely variable, ranging from the perinatal period to adulthood. Early pathological manifestations may be of hepatic, pulmonary, neurological or psychiatric nature. The systemic and neurological aspects of the disorder often possess independent courses. All NPC individuals are characterized by neurological and/or psychiatric manifestations. Hence, the most current classification of NPC disease is based on the age of onset of the neuropsychiatric symptoms, which are inversely associated with the lifespan of the patients. Among the neuropsychiatric clinical features, NPC disease is characterized by cerebellar ataxia, movement disorders, cataplexy, epileptic seizure, dystonia and progressive dementia [63] . Presently, an efficient pharmacological treatment for this fatal disorder is not accessible, and only supportive or palliative treatments for the management of precise clinical outcomes are present. Therapies focused on the molecular pathology of NPC were studied in cell culture and animal models. Principally, the prospective action of neurosteroids, cholesterol-sequestering agents (e.g., cyclodextrin), and antioxidant compounds, such as N-butyldeoxynojirimycin were deeply analyzed. Cyclodextrin treatment appears a promising therapeutic intervention, even though different findings underline putative limitations because of the low capability of the drug to cross the BBB following systemic administration. Cyclodextrin decreases the neurodegenerative process and strongly extends the lifespan of mice models of NPC disease, hypothesizing that this molecule could be considered a prospective pharmacological approach for the treatment of NPC patients. However, the specific molecular mechanisms by which cyclodextrin mediates these positive effects are still unknown [69] . The most important advancement in the management of neurological outcomes has been the development of N-butyldeoxynojirimycin. This molecule is particularly promising because of its high BBB penetration. The reduction in glycosphingolipid accumulation mediated by N-butyldeoxynojirimycin could delay the neurological symptomatology and ameliorate the life expectancy of patients affected by NPC disease [70] .
Huntington's disease (HD) is an autosomal-dominant genetic disorder characterized by a progressive neurodegeneration. The emblematic clinical outcomes of this pathology are dysfunctions in motor coordination, cognitive impairment and psychiatric disturbances, which lead to progressive dementia and death ~ 15-20 years after disease onset [71] . The elongated CAG repeat on the short arm of chromosome 4p16.3 in the huntingtin gene (encoding for the huntingtin protein, HTT) represents the cause of HD. The disorder is associated with 36 CAG repeats or more, and clinical manifestation occurs when the number of trinucleotide repeats expansion is over 40 [72] . The htt gene encodes for 348-kDa multidomain protein that possesses a polymorphic glutamine/ proline-rich domain at its amino-terminus. The anomalous long polyQ domain leads to abnormal conformational changes of HTT, which reflect in the production of intracellular aggregates [71] . HTT is expressed in the nucleus, cell body, dendrites and nerve terminals of neurons, and is also associated with a number of intracellular organelles such as ER and mitochondria. It is suggested that HTT has a key role in vesicle transport and/or cytoskeletal anchoring, as it takes part to the dynactin complex and co-localizes with microtubules directly interacting with β-tubulin. It has also been demonstrated that HTT regulates other cellular processes such as clathrin-mediated endocytosis, neuronal transport and postsynaptic signaling [73] . In addition, HTT seems to protect nerve cells from apoptotic events, thus exerting a crucial function in cell survival [74] . Mutant HTT is abnormally cleaved and generates toxic fragments with unusual compact β-sheet conformation. The inhibition of proteasomes, chaperones and autophagy, which determine a build-up of proteins and other cellular elements with altered conformation, seem to mediate the toxic effects exerted by mutated HTT [72] .
Recently, the prospective role of cholesterol imbalance in determining the pathological aspects of HD has attracted increasing interest. Experimental data highlight that mutated HTT is responsible for the transcriptional suppression of genes involved in cholesterol and fatty acid synthesis in striatal cell lines with inducible expression of mutant HTT [75] . Other results obtained from in vivo studies confirm this finding, as downregulation of cholesterologenic genes, reduction in HMGR activity and the subsequent fall in sterol content were observed in adult brains from 4 different HD animal models (R6/2 mice, YAC mice, HdhQ111 knock-in mice and transgenic HD rats). Furthermore, it is interesting to note that HMGR activity and the concentration of cholesterol precursors are reduced before the onset of cognitive impairments, whereas the decrease in the amount of cholesterol is only present during advanced symptomatic stages of the disease [76, 77] : these data suggest that a defect in the regulation of cholesterol biosynthesis could be involved, at least in part, in the pathogenesis of HD.
The signal transduction pathway at the root of cholesterol biosynthesis suppression in HD is probably linked to an altered regulation of SREBP activation. Experimental evidence demonstrates that SREBP interacts with HTT, and the activation of this transcription factor is reduced in cell culture and animal models of HD [78, 79] . Although a variety of in vitro and in vivo studies have highlighted the connection between cholesterol metabolism and HD pathophysiology, only few researches were aimed at evaluating brain cholesterol metabolism in the brains of individuals affected by HD. The expression of cholesterologenic genes are reduced in post-mortem caudate from human HD patients with respect to age-matched control brains, corroborating with previous data obtained on HD animal models [80] . Moreover, recent data show that sterol content isolated from caudate post-mortem is increased in severe grade HD [81] , hypothesizing that cholesterol biosynthesis is inhibited through a negative feedback mechanism activated by the accumulation of sterol molecules. However, this specific finding is not in accordance with that found in animal studies, which indicates that the amount of sterols is lowered in murine models of HD [76] . The precise explanation of this discrepancy is currently not clarified. The extensive cell-to-cell variability in human brain specimens, not considered in this study, could be a possible explanation [34] . Finally, HD patients were shown to have reduced 24(S)-hydroxycholesterol levels, the major catabolite
Huntington's disease
Autism spectrum disorders (ASD) are a group of developmental disabilities characterized by significant abnormalities in social interaction, difficulties in communication, stereotyped behaviors and interests, and in some cases, delays in cognitive function. Unfortunately, the specific molecular mechanisms underlying these neurodevelopmental disorders still remain to be elucidated. However, a variety of genetic, infectious, metabolic and environmental factors seem to contribute to the onset of ASD [84] . ASD are often associated with peculiar inherited diseases, such as fragile X syndrome, tuberous sclerosis, phenylketonuria and lipid alterations as appeared in Smith-Lemli-Opitz syndrome (SLOS) [85] . SLOS is a multiple congenital malformation syndrome, and one of the most prevailing autosomal recessive diseases, occurring in approximately 1 of 20,000 people. The onset of the disease is caused by exceedingly concentrated amounts of 7-dehydrocholesterol (7-DHC), roughly 1000-fold higher than in unaffected humans. The alteration in 7-DHC is consistent with mutations in 7-dehydrocholesterol reductase (DHCR7), which impair the activity of the enzyme. This integral membrane enzyme is responsible for the final step of cholesterol biosynthetic pathway, which requires NADPH as a cofactor to catalyze the conversion of 7-DHC to cholesterol [86] .
The toxic effect of 7-DHC and of its oxidation products is currently under investigation [87] . However, 7-DHC appears to modify intracellular cholesterol transport and enhance HMGR degradation, contributing to a reduction in sterol biosynthesis in SLOS patients. The resulting modifications in the sterol pattern impair the chemical and biological properties of cellular membranes. Indeed, the substitution of 7-DHC for cholesterol into cell membranes worsens membrane fluidity, lipid raft stability, and localization of membrane proteins [88] .
The build-up of 7-DHC in SLOS patients is responsible for a particular phenotype, which is characterized by microcephaly, mental retardation, affective disorders, mood changes, growth abnormalities, endocrine malfunction, and heart and kidney malformations [89, 90] . Furthermore, cognitive deficits are present in SLOS, even though the phenotypic heterogeneity is also reflected in the specific degree of cognitive abilities observed in each patient [91] . Interestingly, SLOS behavioral phenotype also includes different ASD characteristics, such as social alterations, language difficulties and stereotyped behaviors. Clinical reports demonstrated that approximately three quarters of the children affected by SLOS possess some variant of autism, suggesting the assumption that mutations in a single gene could cause ASD [92] . Increasing evidence indicates that SLOS could be a valuable model to delve deeper into the genetic mechanisms at the root of ASD [93] . In particular, imbalance in cholesterol biosynthesis in SLOS impairs dendrite differentiation, myelination, steroid hormone synthesis and the functionality of neurotransmitter receptors. As a consequence, it is possible to speculate that disruption of these processes could lead to the onset of different ASD features.
This hypothesis is sustained by the fact that a high percentage of ASD children have abnormal plasma cholesterol levels [94] . Elevation in total cholesterol and LDL cholesterol was also found in individuals with Asperger syndrome, another neurodevelopmental disorder belonging to ASD [95] .
Rett syndrome (RTT) further supports the connection between cholesterol homeostasis disruption and ASD. RTT is a severe autism-like disorder that affects almost exclusively females. Even though it is a relatively rare condition, RTT is one of the most common causes of mental retardation in females. Up to now, 14 detectable mutations in the X-linked methyl-CpG-binding protein 2 gene (MeCP2) are found to be responsible for the onset of the disease. MeCP2 is a key transcription regulator involved in gene silencing via methylation-dependent chromatin remodeling [96] . Recent findings demonstrated that mutations in the MeCP2 gene are able to disrupt cholesterol metabolism in brains and livers of transgenic mice, whereas simvastatin treatment ameliorates the symptomatology and the behavioral abnormalities related to the disease [97] . In addition, serum total cholesterol, LDL-cholesterol and HDL-cholesterol were higher in RTT patients if compared with age-matched healthy females. Notably, the increase in HDLcholesterol is accompanied by a strong decrease in SRB1 expression, which is responsible for the selective uptake of plasma HDL particles [98] .
Even though there is currently no cure for HD, different therapeutic approaches are available for treating symptoms, in the attempt to improve the quality of life [72] . Evidences that cholesterol imbalance is present in HD, led to the hypothesis that a pharmacological treatment addressed to cholesterol metabolism could, at least in part, exert beneficial effects in the management of the disease. For instance, as omega-3 are able to regulate SREBP activation, which is altered in HD, it is proposed that the application of these polyunsaturated fatty acids could ameliorate the symptomatology of HD patients [83] .
responsible for cholesterol excretion from the CNS. This finding supports the idea that cholesterol turnover is impaired in HD brains. The decrease in plasma 24(S)-hydroxycholesterol is associated with a reduction in the caudate volume of HD individuals [82] , suggesting that the alteration in cholesterol homeostasis maintenance could be implicated in the development of HD pathology.
Autism spectrum disorders Mood and affective disorders
A variety of research indicates that cholesterol imbalance could be implicated in different mood disorders. It is becoming clear that low cholesterol levels lead to an increased risk of depressive disorders [99] [100] [101] [102] [103] , and the amount of plasma cholesterol correlates wi-Increasing evidence also indicates the involvement of cholesterol in the onset of anxiety behaviors. Notably, individuals affected by post-traumatic stress disorder, panic disorder, obsessive-compulsive disorder and generalized anxiety disorder are shown to have high serum cholesterol levels [121] [122] [123] [124] . On the contrary, other clinical data reported an inverse correlation between plasma cholesterol and anxiety [103, 125] . These observations are in agreement with more recent published data, which have shown that hypolipidemic treatment with statins is associated with anxiety states both in humans and animal models [103, [125] [126] [127] .
Besides depressive and anxiety disorders, impairments in cholesterol metabolism have also been implicated in severe irritability and violence [128, 129] . For instance, plasma cholesterol was found to be high in presence of hostility and angry affect [130] . Differently, cohort, case-control, and cross-sectional studies demonstrated increased violent behaviors in individuals with low plasma cholesterol levels or in patients receiving cholesterol-lowering therapies [128] : the discrepancy among these findings suggests that future investigations should take into account a deep analysis of the different subtypes of aggressive behavior and a better definition of the diagnostic characteristics [131] .
Most of the hypothesis linking cholesterol imbalance and affective disorders involve deregulations in serotonin neurotransmission. In particular, cholesterol could influence the cell membrane fluidity and integrity, thus inducing impairments in serotonin activity. Accumulation or depletion of cholesterol is responsible for the reduction in the amount of brain serotonin, decrease in serotonin transporter activity and blockade of serotonin receptor 1A transduction pathway [132] [133] [134] . These observations indicate that an optimal concentration of cholesterol is required to guarantee physiological functions in the CNS, suggesting that the excess or the reduction of this molecule could easily lead to mood alterations. However, despite this evidence, the specific mechanisms underlying the susceptibility of developing mood disorders in dependence of cholesterol are still under active investigation.
Conclusions
Sufficient information is now available to understand the basis of cholesterol metabolism in the CNS, where this lipid fulfills structural and functional tasks, ranging from synaptic plasticity to saltatory conduction of action potentials. It is not surprising that an optimal cholesterol concentration is required for numerous neurophysiological processes. Outside the brain, cholesterol supply is mainly assured by the uptake of circulating lipoproteins, which are produced by the liver or the intestine. The incapability to transport lipoprotein particles inside the CNS, due to the anatomical constitution of the BBB, obligates brain cells to regulate cholesterol concentration in a different manner. Cholesterol delivery from astrocytes to neurons represents a pivotal mechanism to maintain cholesterol homeostasis in the brain. It is possible that impairments in cholesterol metabolism could reflect in the development of different neurological and neuropsychiatric disorders ( Table 1 ). The studies reviewed here highlight an intriguing relationship between cholesterol and neurodegenerative events such as AD, HD, and NPC disease, while other clinical evidence shows emerging roles for this lipid in the onset of ASD. However, although a great knowledge about the pathophysiological role of cholesterol in the CNS has been reached, literature data is far from being convincing. Indeed, the presence of contradictory results indicates that further investigations are required to delve deeper into the causality between cholesterol alteration and brain disorders. For instance, considering the well-accepted theory of brain cholesterol isolation, the influence of plasma cholesterol in the onset of mood disorders and ASD remains to be elucidated. A better comprehension of the basic molecular mechanisms by which imbalance in cholesterol homeostasis is linked to neurologic and neuropsychiatric diseases could provide useful information for designing novel and effective therapeutic approaches.
Deregulation in cholesterol metabolism is further exacerbated in suicidal depressed patients. Alteration in cholesterol levels is often associated with increased inclination to commit suicide [104, [108] [109] [110] . For instance, HDL-cholesterol is specifically decreased in depressed suicide attempters [109] ; whereas other epidemiological observations reported a tight connection between low plasma cholesterol levels and suicidal behaviors [111] [112] [113] [114] . How plasma cholesterol influences the onset of depressive disorders is still unknown. Considering the incapability of this lipid to cross the BBB, further investigations are required in order to better comprehend the molecular basis of these physiopathological outcomes. However, we speculate that imbalance in plasma cholesterol could reflect an alteration in cholesterol homeostasis maintenance in the CNS. This hypothesis appears to be supported by other studies, which highlighted that the amount of brain cholesterol is reduced in subjects with major depression and other affective disorders [115, 116] . In addition, the grey-matter of violent suicide completers is characterized by low cholesterol content [117] ; and suicidal behaviors are more frequent among carriers of SLOS, an inherited and autosomal-recessive disorder resulting from a genetic breakdown in cholesterol biosynthesis in all organs, including the brain [118] . Although the majority of literature data reports low cholesterol levels in suicide and depressive disorders, it is important to highlight that other studies failed to find a relationship between cholesterol and depressed mood [119, 120] .
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